Finite element (FE) models have become increasingly popular in comparative biomechanical studies, with researchers continually developing methods such as 'warping' preexisting models to facilitate analyses. However, few studies have investigated how well FE models can predict biologically crucial whole-structure performance or whether 'warped' models can provide useful information about the mechanical behavior of actual specimens. This study addresses both of these issues through a validation of warped FE models of turtle shells. FE models for 40 turtle specimens were built using 3D landmark coordinates and thin-plate spline interpolations to warp preexisting turtle shell models. Each actual turtle specimen was loaded to failure, and the load at failure and mode of fracture were then compared with the behavior predicted by the models. Overall, the models performed very well, despite the fact that many simplifying assumptions were made for analysis. Regressions of observed on predicted loads were significant for the dataset as a whole, as well as in separate analyses within two turtle species, and the direction of fracture was generally consistent with the patterns of stresses observed in the models. This was true even when size (an important factor in determining strength) was removed from analyses -the models were also able to predict which shells would be relatively stronger or weaker. Although some residual variation remains unexplained, this study supports the idea that warped FE models run with simplifying assumptions at least can provide useful information for comparative biomechanical studies.
Introduction
Finite element (FE) methods of mechanical analysis have become important tools for evolutionary morphological research (Richmond et al. 2005; Ross, 2005; Bright, 2014) . Over the past few decades, researchers have used FE analyses to address questions regarding the mechanical behavior of a wide range of morphological structures (Dumont et al. 2005 (Dumont et al. , 2011 Bourke et al. 2008; Moazen et al. 2008) . Coupled with the increasing availability of highly detailed sets of morphological data [many taken from surface, computed tomography (CT) or other kinds of scans of structures], FE methods have been used to provide quantitative answers to questions which could not have been answered, or only answered in rough approximation, in the last century. For example, FE has been used to model the mechanical behavior of structures in extinct species (Rayfield, 2004 (Rayfield, , 2005 (Rayfield, , 2007 Strait et al. 2007; Wroe et al. 2007; Fletchet et al. 2010; Tseng, 2013) , in rare or inaccessible species (McHenry et al. 2006; Pierce et al. 2008; Stayton, 2011a) , and even of theoretical morphologies not actually observed in nature (Pierce et al. 2008; Stayton, 2011a; Tseng, 2013) . The popularity of FE analyses may be due to many factors, from their ability to provide robust quantitative analyses for the complex and intricate structures often found in biological systems, to the ability of such methods to provide colossal amounts of output data regarding deformation, stress or failure of biological structures. In turn, the data-rich output of FE analyses allows robust statistical analyses and detailed graphical displays of structural responses to external loads.
Unsurprisingly, those advantages come with associated disadvantages and risks (for a summary, see Richmond et al. 2005; Bright, 2014) . The former include necessary simplifications of morphology, mechanical properties, and loading regimes, along with the potential sensitivity of model results to small variations in certain model parameters which may be difficult to anticipate in advance (Bright & Gr€ oning, 2011; Bright & Rayfield, 2011a,b; Rayfield, 2011) . In addition, large amounts of time and other resources are often required to construct FE models. To address this latter difficulty, a number of methods have been proposed to decrease the time required to develop FE model geometries, many of which involve using geometric morphometric (GM) techniques, such as thin-plate spline interpolation, to transform an existing FE model into a new geometry corresponding to a novel specimen (Sigal et al. 2008 (Sigal et al. , 2010 Stayton, 2009; Grassi et al. 2011; Parr et al. 2011 Parr et al. , 2012 van den Munckhof & Zadpoor, 2014) . Since the time required to collect landmark data from a specimen is still far less than the amount of time required to scan a specimen and build a corresponding FE model, such methods can greatly increase the number of models that can be built and analyzed per unit time. These methods have been used to generate new geometries in multiple comparative biomechanical studies (Stayton, 2011a,b; Tseng, 2013; Dosik & Stayton, 2016; Berlant & Stayton, 2017) .
FE analyses which use these methods, however, will inherit and possibly even exaggerate the problems with interpretation inherent in other studies, with the added difficulty that the model no longer matches the morphology of the modeled structure exactly. Specifically, regions of certain specimens which are not covered by the set of landmarks will likely not be properly reconstructed in the warped models. For example, variation in the thickness of certain regions of the modeled structure might be missed if no internal landmarks are included, and mechanically important novel structures, found only on a subset of species, might not be captured in a set of landmarks intended for all species. The results of FE studies utilizing warped models could thus potentially be questioned on the grounds that the warping procedure has 'missed' certain structural characteristics which would have a large impact on the mechanical behavior of the actual organisms. It is true that certain deviations from the form of actual organisms will cause FE results to deviate from actual stresses that might be experienced, rendering the results of studies which use these methods useless or, even worse, downright misleading.
The solution of course is not to abandon the technique but rather to test the accuracy of such models through FE model validation and sensitivity analyses. Validation is always recommended or required as part of any FE analysis (Richmond et al. 2005; Ross, 2005; Dumont et al. 2009; Bright, 2014; Cuff et al. 2015) , and although explicit validations remain unfortunately rare among comparative biological studies, a number of researchers have used various methods to assess the degree to which their FE analysis results match observed mechanical responses of actual organisms (Metzger et al. 2005; Reed et al. 2011; Bright & Gr€ oning, 2011; Bright & Rayfield, 2011a,b; Rayfield, 2011; Erdemir et al. 2012; Cuff et al. 2015; Grassi et al. 2016) . These studies have shown that careful FE analyses can indeed predict the mechanical behavior of organismal structures, even under simplifying (sometimes extremely so) conditions (Metzger et al., 2005; Bright & Gr€ oning, 2011; Bright & Rayfield, 2011a,b; Rayfield, 2011) . Researchers have used strain gauges (Metzger et al. 2005; Ross et al. 2011; Bright & Rayfield, 2011a,b; Rayfield, 2011; Porro et al. 2013; Cuff et al. 2015) , digital speckle pattern interferometry (Bright & Gr€ oning, 2011) , and observations of structural failure (Stayton, 2009 ) to assess the match between FE predictions and observed deformations, leading to the tentative conclusion that FE results can generally be trusted if the analyses are constructed with extensive knowledge of the actual structures in question.
There are of course limits to validation studies as well. Such studies cannot be conducted on fossil organisms or on shapes which do not exist in nature, and they cannot be conducted ethically on rare organisms or on certain in vivo behaviors. In addition, most FE validation studies have focused on assessing very small-scale deformations, via strain gauges or other highly localized assessments. Very few validation studies have investigated the ability of FE models to predict whole-structure behavior such as failure, or the degree to which transformed models reflect the behavior of modeled parts, among non-human anatomical parts.
This project attempts to address both of these deficiencies -the lack of investigation on the ability of FE models to predict whole-structure failure, and the lack of validation for 'warped' comparative models. Turtle shells are used as a model system -these are relatively simple structures, with known material properties, and under obvious selective pressure for mechanical performance (for more details, see Stayton, 2009 Stayton, , 2011a Polly et al. 2016) . Moreover, warped FE models of turtle shells have been shown to rank individual species correctly in terms of real-world mechanical behavior (although only among three species; Stayton, 2009) . Altogether, these characteristics make turtle shells a reasonable choice for a comparative validation study. FE models are built using a warping procedure (Stayton, 2009 ) for a number of individual turtle specimens, spanning the extant diversity of turtles, and their predictions are compared with the actual behavior of those same specimens under real loading conditions. Of particular importance is whether the FE results can be used to predict accurately the relative strength of the shell specimens, and whether the results can predict the location of shell failure under a given loading condition. Relative strength is emphasized here, as relative performance and differences among performance are often what ultimately serve as the input for phylogenetically informed comparative analysis (Adams & Collyer, 2018) .
The goal of this study is not to produce as realistic a shell model as possible for any given turtle shell. The FE models themselves will be simplified in a number of ways, and none will perfectly capture either the morphological or the material properties of the actual specimens upon which they are based. Rather, the goal of this study is to determine the degree to which warped models, informed only by external data and assigned unrealistically consistent material properties, can still provide useful information about the mechanical behavior of these structures. If they can do so, then researchers' confidence in the utility and accessibility of warped FE models for comparative analyses will be greatly bolstered for future studies.
Materials and methods

Test specimens and digitization
Forty turtle specimens were acquired from a variety of sources. Ten Chrysemys picta picta Schneider and six Trachemys scripta elegans Wied were captured from local ponds in Lewisburg, PA, in 2009 and 2010 (Pennsylvania Fish and Boat Commission collecting permit #210) -although T. scripta are not native to central Pennsylvania, specimens likely representing released pets are occasionally found in bodies of water close to populated areas. Three Malaclemmys terrapin Schoepff, two Graptemys pseudogeographica kohnii Baur, and four Trachemys scripta elegans individuals were donated from the lab of R. Burke at Hofstra University. All of these specimens were used in a previous study (Stayton, 2011b) at Bucknell University, and then euthanatized and frozen. Two Glyptemys insculpta Le Conte and one Terrapene carolina carolina Linnaeus were donated to the lab from individuals who had found them dead in Union County, PA, and one Pelusios subniger Bonnaterre was donated to the lab as a deceased pet; these specimens were frozen as well. One frozen Chelonoidis denticulata Linnaeus and one frozen Glyptemys insculpta shell were obtained from Reptiland Zoo (Allenwood, PA, USA). Three frozen Pseudemys concinna Le Conte and three frozen Emydura subglobosa Gray were obtained from the lab of R. Blob at Clemson University. One Gopherus Polyphemus Daudin, one Clemmys guttata Schneider, and one Glyptemys muhlenbergii Schoepff, all preserved in ethanol, were obtained from the Bucknell University teaching collections. Specimens ranged in size from 85 to 435 mm straight plastron length.
The different sources and preservation methods of the various specimens, as well as their various origins, might suggest factors which could possibly affect the material properties of shell bone and thus bias results if these properties are assumed to be constant. However, neither freezing nor preservation in ethanol seems to alter the material properties of bone (Linde & Sørensen, 2016; Stefan et al. 2010) . More important may be the history of the organisms prior to death. Captive turtle specimens often develop shell shape pathologies in captivity (Pritchard, 2008) , suggesting the possible presence of variation in shell bone material properties during development, and at least one well-known disease in turtles -metabolic bone disease -results in an obvious decrease in bone stiffness (Keymer, 1978a,b; Mader, 2006; Hernandez-Divers et al. 2009 ). This provides evidence that the specimens in this study which were maintained in captivity (or even some wild-caught specimens) might show different bone material properties from the other specimens. No obvious pathologies were observed in any of the specimens utilized in this study -none possessed notably flexible or deformed shells, for example -but it is acknowledged that this variation could exist.
All turtle specimens were digitized using a 3DX portable digitizer (Immersion Corporation, San Jose, CA, USA; accurate to < 0.1 mm). Most landmarks were set at the junctions between scutes: at scute triple-junctions, at intersections between two scutes and the margin of the shell, or at intersections between scutes along the midline of the shell (Fig. 1 ). Landmarks were digitized on both sides of the turtle shell -although none of the specimens used here showed obvious asymmetry, even slight asymmetry can affect the response of models to loads (Rivera & Stayton, 2013) , and so it was important to accommodate variation between the left and right sides of the shell. For digitization, turtles were mounted on a series of long pegs, elevating them sufficiently that all landmarks were accessible to the digitizer. The landmark coordinates of these 'test' specimens were then used to transform a preexisting turtle shell FE model into 
Base finite element models
Two turtle shell models were developed to serve as 'base' models for transformation. Two different bases were required because the dataset of actual turtle specimens included specimens from both major clades of extant turtles: the Pleurodira and Cryptodira. The construction of the shell differs between these clades in at least one biomechanically relevant way: the pelvic elements of the Cryptodira are joined to the rest of the shell by loose connective tissue, permitting movement of the pelvic girdle within the shell and preventing any contribution of the pelvic elements to shell strength (Mayerl et al. 2016) . The pelvic elements of the Pleurodira in contrast are sutured to the rest of the shell, allowing them to serve as bony 'struts' which may help resist deformation during loading, at least for loads oriented more or less along the dorsal-ventral axis of the specimen. Since preliminary modeling has shown that the presence or absence of these sutured pelvic elements can affect the behavior of the shell during loading it was necessary to develop base models with and without these elements for accurate analysis.
For the Cryptodira, a set of CT slices for a specimen of G. muhlenbergii, a small semi-aquatic member of the family Emydidae, were obtained from DigiMorph (the specimen is part of that project's digital library). The specimen was an adult female [Florida Museum of Natural History specimen 85274, 88 mm straight carapace length (SCL)]. Although there was no locality information associated with this specimen, it did not show any shell abnormalities (either externally or upon inspection of the CT slices), which may be associated with captive or wild specimens of the species (Brenner et al. 2002) . The specimen was scanned along the coronal axis for a total of 1215 slices, each 0.10 mm thick with an interslice spacing of 0.10 mm. The CT slices were then assembled in MIMICS 12 (Materialise, 2008) , and the specimen was cleaned in GEOMAGIC STUDIO 10 (Geomagic, 2008) . Once the specimen had been cleaned sufficiently to produce a surface mesh, it was imported into STRAND7 (Strand7, 2007) FE software. The surface mesh was used as a template upon which to build a solid mesh of tetrahedra. This final model was composed of 451 453 tetrahedral bricks defined by the positions of 105 544 nodes. This model served as the 'base' for all transformations involving cryptodire specimens.
The Pleurodira model was constructed similarly. A female Pelomedusa subrufa (Carnegie Museum of Natural History specimen 62245, 152 mm SCL) was scanned at the University of Texas High-Resolution X-ray Computed Tomography Facility along its coronal axis. Pelomedusa subrufa was chosen as the 'base' pleurodire as it lies close to the average shape for pleurodires (Wise & Stayton, 2017) and does not possess any kinetic elements such as plastral hinges (as are found in other pleurodire species -Pritchard, 2008). This particular specimen was collected in Garamba National Park, Democratic Republic of the Congo, and again showed no obvious external or internal shell abnormalities. Overall, 1791 slices were acquired, each with a thickness of 0.10 mm and an interslice spacing of 0.10 mm. These scans were then assembled into a three-dimensional finite element model at the University of Massachusetts, Amherst, MA. The final model was composed of 331 502 tetrahedral bricks defined by the positions of 85 762 nodes. This model served as the 'base' for all pleurodire specimens.
Both 'base' models were assigned a series of restraints -boundary conditions permitting rotation, but not translation -at 4128 nodes distributed across the ventral surface of the plastron. Additionally, all models were assigned uniform material properties: an elastic modulus of 5 GPa and a Poisson's ratio of 0.3, which represent typical values observed in previous studies of turtle bone (Rhee et al. 2009; Zhang et al. 2012; Achrai & Wagner, 2013 Magwene & Socha, 2013; Achrai et al. 2014 ; see also Nagy et al. 2011) . No soft tissue was modeled in any of the FE simulations.
Model transformation
The three-dimensional coordinates of all landmarks were captured on the two base models. Specifically, the coordinates of nodes located closest to the positions of those landmarks were extracted. Once all of these datasets -the landmark coordinates for the 'target' specimens, the landmark coordinates the same 'base' models, and the three-dimensional coordinates of all of the nodes describing the geometries of those same 'base' FE models -were collected, a series of FE models corresponding to the shapes of the 'test' specimens were built according to the following procedure (following Stayton, 2009 ):
Each 'target' specimen's landmark coordinates were aligned to the appropriate 'base' landmark coordinates (i.e. G. muhlenbergii for all cryptodire specimens, and P. subrufa for all pleurodire specimens) using a partial Procrustes fit, in which specimens are meancentered and rotated to maximize the match between landmark locations, but are not scaled to the same size (Zelditch et al. 2004) . Because the node coordinates for the 'base' specimens are already in the same coordinate system as the 'base' landmark coordinates, this procedure resulted in all datasets being aligned.
Once the datasets had been aligned, a thin-plate spline interpolation function was derived for transforming the 'base' specimen to the 'target' specimen (Bookstein, 1991; Zelditch et al. 2004) . This function was then applied to the coordinates of all nodes of the FE model, thus generating a new warped model corresponding to the shape of the 'target' specimen. Since specimens had been aligned with a partial Procrustes fit, the new warped model was ensured to be the same size as the target 'test' specimen as well. These models were then imported into GEOMAGIC STUDIO 10 (Geomagic, 2008) and cleaned to repair any particularly elongate elements which may have been generated as a result of the warping (elongate elements can create artifactually high stresses during FE analysis). Finally, specimens were imported into STRAND7 (Strand7, 2007) FE software for analysis.
Although the warping procedure does produce models which very closely resemble the 'target' specimens (Stayton, 2009) , it is recognized that the match will not be perfect. First, regions of the shell which are far from any landmarks will likely deviate from the shapes of those regions in the targets; however, since the landmarks provide excellent coverage of the shell, this is not likely to produce any large mismatches between model and target shape. More importantly, no information on the interior of the shell is captured by the landmarks. Thus, there may be differences in shell thickness, variations in relative shell thickness between parts of the shell or differences in other internal characteristics (for example, the size and shape of various components of the vertebrate column), between the model and target shapes. These differences can potentially have a large effect on shell mechanical behavior. Moreover, it is recognized that actual shells vary in their material properties (Achrai & Wagner, 2013 Achrai et al. 2014) , that actual shell bone is not an isotropic material (Achrai & Wagner, 2013 , that actual turtles possess soft tissues which could affect the mechanical response of their shells, that actual turtles shells possess sutures between bones which may (but will not necessarily) affect the results of the FE models (Bright & Gr€ oning, 2011; Rayfield, 2011; Cuff et al. 2015) , and that the layer of keratin overlying the shell bone can affect the mechanical behavior of the shell as a whole (Soons et al. 2012a,b) .
Thus it is important to reemphasize that the goal of this study is not to produce as realistic a shell model as possible for each of the specimens. Rather, it is to determine to what degree these warped models, informed only by surficial characters and assigned unrealistically consistent material properties, can still provide useful information about the relative mechanical behavior of a comparative dataset of structures.
Specimen loading
Broadly, the compressive behavior of the individual turtle specimens was investigated using a point load test, with specimens loaded to failure on an Instron 3366 materials testing machine (Instron Corporation, Canton, MA, USA). The load was produced by the curved tip (2-mm radius) of a conical probe attached to the moveable head of the device.
Testing proceeded as follows: First, frozen specimens were thawed by submersion in warm water until they were no longer frozen internally (as assessed by a narrow thermometer probe inserted into the center of the animal, through the anterior shell aperture). This required at least an hour of submersion before testing. Specimens were then placed on a flat platform on the base of the materials testing machine. The loading tip was lowered so that it just came into contact with the specimen (without actually producing any stress), and the specimen was oriented so that the loading tip was situated on the 'highest' point of the midline of the specimen (that is, the point furthest from the platform). This was the location at which the specimen would be loaded. This point was marked using a wax pencil, and then the specimen was removed and photographed in dorsal and lateral views so that the location of the load could be precisely reconstructed.
The specimen was then returned to the materials testing machine, and reoriented so that the loading tip was again located at the marked location on the midline. Specimens were pre-loaded slightly (at around 1-10 N load) to stabilize them and to ensure that no movement of the specimen relative to the load tip would occur during the course of the measurement. The tip was then lowered onto the specimen at a rate of 0.1 mm s
À1
. Load and displacement of the tip were recorded every 0.01 s. The test was terminated when at least a 10% decrease in load (associated with failure) was recorded between two subsequent records (Fig. 2) . After testing, the load before failure was recorded and the location of the probe was marked to check whether translation of the specimen relative to the probe had occurred during testing.
This loading regime is similar to that employed by Magwene & Socha (2013) , and broadly mimics the loading pattern of a single predator tooth being driven into the dorsal surface of the carapace. Previous research on the methods by which predators attack adult turtle shells indicates that this kind of loading situation, with force directed ventrally at the middle of the carapace, is common, though by no means universal, in nature (Emmons, 1989; Salera et al. 2009a,b ; see also Nagy et al. 2011) . Thus, this regime is reasonable for testing turtle shell strength. It should be noted, however, that this is not the only means by which predators can attempt to break turtle shells. Thus this study, intended to determine whether warped FE models can predict actual loads at failure, can only provide limited data regarding the degree to which different turtle species shells are adapted to withstand predator attacks.
After failure, the load was removed, and specimens were photographed in dorsal and lateral view as well as any other views that showed evidence of the location and direction of the fracture. In some specimens the fractures were obscured by the overlying scutes of the shell (that is, the bone fractured but the dermal tissue external to it did not). In these specimens, the scutes were removed from the carapace so that the fractures could be visualized.
Model loading and validation
Each individual FE model was assigned a single point load of 500 N, oriented ventrally, at the location where the probe contacted the actual specimen during testing. Additional boundary conditions (i.e. the restraints on the plastron) and material properties were carried over from the base models. The shell was modeled as an isotropic, linear elastic material, and the load case was solved. After modeling, the magnitude and location of the highest von Mises stress (a composite measure of stress that is useful for predicting failure in biological materials, Dumont et al. 2009 ) in the specimen was determined. The magnitude of this highest stress at 500 N was then used to calculate the magnitude of the load that would be necessary to break the shell assuming a breaking strength of 150 MPa (again, an estimate derived from previous studies; Magwene & Socha, 2013). For example, if a load of 500 N produced a maximum stress of 75 MPa, then (because the shell was modeled as an isotropic, linear elastic material) the load at failure was calculated as 1000 N.
The accuracy of the models was assessed in two ways. First, the observed load to failure was regressed against the modeled load at failure in the FE model. If the models are accurate, then there should be a positive correlation between observed and modeled load at failure. Regression analysis was conducted on three datasets: all turtle specimens, Chrysemys specimens only, and Trachemys specimens only.
Since shell size is clearly such an important component of shell mechanical performance, any correlation between modeled and observed load at failure might be due entirely to a relationship between size and strength, with no additional contribution from consideration of shell shape. In other words, a significant result might be achieved simply by rescaling a 'base' model, with the 'warping' component of the modeling providing little additional information. To explore this possibility, size-free observed and modeled load at failure were calculated. First, size-free observed loads at failure were calculated for all shells by regressing the observed load at failure against shell size [quantified as the shell centroid size (CS) derived from the landmark coordinates of all specimens; Zelditch et al. 2004] and extracting residuals from this regression.
Size-free modeled load at failure was calculated by scaling all models to the same size. For FE models this involves scaling all models to the same force/surface area ratio (Dumont et al. 2009 ). Since all models in this study were assigned the same input load, this required scaling all models to the same surface area. Scaling factors were chosen which resulted in all models having a surface area of 34 200 mm 2 , which corresponded to a straight plastron length of approximately 100 mm. This is a realistic size for the mechanical behavior of the turtle shell to be relevant to fitness, and also represents a size through which all studied species would pass during the course of their ontogeny. Once models were rescaled, FE analyses were run again and the loads at failure were extracted using the procedure described above. Size-free modeled load at failure was then regressed against size-free observed load at failure; again, if shell shape is an important component of shell strength, there should be a significant positive correlation between these two variables. Again, this procedure was performed separately across all turtle specimens, within Chrysemys specimens only, and within Trachemys specimens only.
Secondly, the test specimens were qualitatively examined to determine whether the location of shell fracture corresponded to the modeled location of highest stress. Since nearly all shell fractures propagated explosively across the entire shell, it was not possible to determine where fractures began. However, if the modeled locations of highest stress were consistently located somewhere along the actual fractures, this was taken as evidence that the models could accurately predict the location of failure as well.
Additionally, new estimates of the breaking strength of shell bone were derived for each of the three datasets by determining which breaking strength would result in the greatest match between observed and predicted loads at failure; in other words, which breaking strength of bone would produce a slope equal to 1 in the regressions. This was also done separately for all three datasets.
Results
Quantitative analyses
There was a significant positive correlation between the observed load at failure for all turtle shells and the predicted load at failure for those shells (Fig. 3A) . Such a correlation was also observed within Chrysemys and Trachemys (Fig. 3B,C) . There was a significant positive correlation between size and the observed load to break turtle shells for all specimens as well as among the Trachemys specimens, but there was no significant correlation among the Chrysemys specimens (Table 1) . A positive correlation was also observed between size-free observed load at failure and size-free modeled load at failure when all models were scaled to the same size (Fig. 3D) . Such a correlation was also observed within Chrysemys and Trachemys (Fig. 3E,F ). There were no exceptional outliers in either set of regressions, although the Emydura specimens did seem to have notably higher absolute and residual loads at failure than the other specimens, and the Gopherus specimen seemed to have a lower absolute and residual load at failure.
Thus overall, the warped FE models were able to predict the actual loads necessary to cause failure in turtle shells. This capacity remained after size was removed from the analyses -the warped models represented the shape and mechanical behavior of shells sufficiently well to permit predictions concerning which shells would be relatively stronger or weaker (or, to put it another way, stronger or weaker than expected based on their size). These predictions were possible across a wide taxonomic range of species, as well as within individual species.
When the data were used to estimate the breaking strength of shell bone (i.e. when breaking stresses were assigned so as to create a slope of 1 in the regression between predicted and observed loads at failure, as described above), the overall breaking strength across all species was estimated as approximately 356 MPa. For Chrysemys specimens only, the estimate was 176 Mpa, and for Trachemys specimens only, the estimate was 276 MPa.
Qualitative analyses
No change in loading location, and thus no translation of the probe, was observed for any of the tests. Most specimens showed only modest levels of deformation (straiñ 10-50 le; compared with~90-380 le observed in Magwene & Socha, 2013) before failure, although some of the smaller Trachemys specimens deformed quite noticeably (strain up to 120 le). Nearly all specimens failed suddenly. Failure was usually accompanied by a single loud cracking sound. In many cases the scutes overlying the shell bone broke as well, such that the resulting fissure in the turtle shell could be observed immediately. However, sometimes only the shell bone failed, such that it was necessary to remove the overlying scutes before the entire path of the fracture could be traced. All modeled specimens showed the highest stresses at or closely adjacent to the points of load applications. All actual specimens developed fractures which ran through the point of load application. These fractures overwhelmingly tended to run from the point of load application to a point on or near to the anterior or (less commonly) the posterior of the bridge. This pattern is also consistent with predictions from the models, which mostly tended to show regions of very high stresses near the anterior or posterior of the bridge, with lines of relatively high stress from those points to the point of load application. Thus, the observed fracture patterns are consistent with the modeled patterns of stresses -fractures might have begun at the point of load application, where stresses were modeled as being highest, and then run along highly stressed regions of the shell towards another area of very high stresses. However, it is also possible that the fractures began at the margins of the bridge and then propagated towards the point of load application, or began somewhere in the middle of the carapace and ran towards the midline and margin of the shell; the explosive nature of the failure prevented a documentation of the initial point of failure.
Two exceptions to these general patterns were observed (Fig. 4) . First, the fracture in the largest Pseudemys specimen ran from the point of load application to a point on the posterior left margin of the carapace, some distance from the bridge (Fig. 4A ). This unusual fracture pattern is consistent with the pattern of stresses in the model (Fig. 4B) . Secondly, the fracture in one of the Emydura specimens ran anteriorly from the point of load application to a point near the anterior midline margin of the carapace, where it bifurcated and ran to the anterior margin of the carapace (Fig. 4C ). This fracture pattern does not seem as strongly in line with the pattern of stresses observed in the model (Fig. 4D) . The stress pattern in the model does show two projections of high stresses running along the midline from the point of load application. However, the stresses towards the anterior of the shell are lower than those towards the lateral margin of the shell, as was the case with other specimens which actually developed fractures running from the anterior of the bridge.
Discussion
The warped turtle shell FE models performed exceptionally well, predicting relative shell strength and the location of failure even under highly simplified conditions. This result of course does not guarantee similar exceptional performance for warped models in other study systems -turtles are superior organisms for certain biological questions (Jackson, 2011; Stayton, 2011a,b) , and it is possible that their shells are ideally suited for comparative FE analyses in a way that other structures are not. However, this study shows that warped FE models at least can produce biologically reasonable and scientifically useful results even under highly simplified conditions. This utility seems to apply both within and among species. Both results have important implications for future FE studies. The intraspecific results show that relatively small variations in shell shape, of the magnitude that are found within species, can still provide sufficient mechanical variation such that warped models can accurately rank specimens according to their strength. The interspecific results show that large amounts of variation in shell shape can be accommodated by warping a preexisting model, and then used to rank specimens accurately according to strength.
The models did not of course provide perfect predictions for how actual turtle shells would fail: there was some residual error in the predictions (Fig. 3) which was not accounted for by variation in size or shape of the individuals, and in some cases the direction of fracture propagation was not well represented by the models (Fig. 4) . But this is not surprising, given that the sample of specimens chosen here was not selected to maximize the probability that warped FE models would be able to predict relative shell strength. Instead, it represents a convenience sample Fig. 4 Observed fracture patterns for two specimens which failed in unconventional ways (A and C), along with stress distributions predicted from FE models of those specimens (B and D). Fractures are illustrated with a transparent yellow line. (A) Observed fracture pattern in the largest Pseudemys concinna specimen used in this study. The fracture can be seen on the posterior left side on the carapace. The scutes did not fail near the location of load application at the center of the specimen, hence the fracture can only be seen past~1 cm lateral to the midline. (B) Stress distribution from the FE model for the largest P. concinna specimen used in this study. (C) Observed fracture pattern for one Emydura subglobosa specimen. The fracture can be seen running along the midline of the anterior carapace and bifurcating in the first vertebral scute to run towards the anterior margin of the carapace. The blue region on the right posterior of the specimen is tape used to secure wires from a previous electromyography study of this specimen (Mayerl et al. 2016 ). This tape was left on, out of courtesy to the lab which loaned the specimen for this study. The tape was only loosely attached to the specimen and located far from any regions of modeled high stress, thus it was assumed that this tape did not affect the mechanical response of this specimen. (D) Stress distribution for the FE model for that same E. subglobosa specimen.
dependent on the availability of species in central Pennsylvania, in a small teaching collection, and from other studies from other labs. Together, the species considered here represent 840 million years of turtle evolution (that is, the sum of the branch lengths on a time-calibrated phylogeny containing only those species is 840 million years) and derive from a variety of habitats, on four continents. That simplified FE models, produced by warping only two base models, can predict the mechanical behavior of these real shells is truly remarkable.
Moreover, it is reassuring that the reconstructed breaking strengths for shell bone (that is, those which resulted in the closest match between predicted and observed loads at failure) were similar to those which have been previously observed in turtle shells. Earlier studies of shell material properties have focused on results derived from much more rigorous tests of shell material properties under constrained loading conditions (such as pure tension or pure bending). These studies have found bending strengths ranging from 74 to 378 MPa (in T. scripta; Magwene & Socha, 2013; Achrai et al. 2014) , tensile strengths ranging from 19 to 135 MPa (in T. scripta; Zhang et al. 2012) , and compressive strengths ranging from~500 to~900 MPa (in T. carolina; Damiens et al. 2012) . The strengths estimated here -176 MPa for Chrysemys bone, 276 MPa for Trachemys bone, and 356 MPa for all turtles -are within these ranges, especially given that the initial failures likely occurred in bending or tension. Of course, it is unknown which mode of failure was experienced by the shells tested in this study. More generally the lack of a standardized mode of testing means that none of the values estimated here should be used as the basis for future studies, especially given that previous studies have found that the absolute magnitudes of stress and strain estimated using FE models are often inaccurate, potentially being either too high or too low (Bright & Rayfield, 2011a,b; Rayfield, 2011; Cuff et al. 2015) even if the relative values are accurately estimated. But the fact that the results do not imply unrealistic shell bone strengths provides an additional minor source of confidence for the models.
Even given the success of the models, however, it is still worth exploring potential reasons for a lack of fit between the observed and predicted loads at failure for certain specimens. Specifically, the size-free regressions within the Chrysemys (Fig. 3E) and Trachemys (Fig. 3F ) datasets each showed one shell which deviated from the regression; specifically, there was an unexpectedly strong shell among the Chrysemys and an unexpectedly weak one among the Trachemys. A number of factors could have contributed to this mismatch. Given that only external landmarks were used, it is possible that the bone in these specimens was relatively thicker or thinner than in other specimens, throughout the shell or in certain mechanically important regions. Alternately, the bone in certain regions of these specimens could have had a higher or lower breaking strength than in the majority of specimens.
A test of the first potential factor is possible, given that the aberrant Chrysemys and Trachemys specimens (among many others) were sectioned after this experiment for a study of variation in shell bone material properties. The Chrysemys specimen did not show disproportionately thick bone anywhere in the shell. The bone in the Trachemys specimen did seem thinner than average around the margin but so, too, did the bone of an additional specimen which did not fall so far from the regression. Thus misrepresentation of bone thickness seems unlikely to account fully for the deviation of these two specimens. The follow-up study of the material properties of shell bone in these specimens may reveal an additional factor which could account for some of the unexplained variance in the current analysis.
Other explanations are possible but seem far less likely. For example, it is very unlikely that there are additional or missing anatomical structures in these specimens, relative to their conspecifics, which were not captured by the landmarks. In any case, no such structures were found when preparing these specimens for sectioning. Alternately, certain soft-tissue characteristics could contribute to variation in the breaking strength of the shell. The viscera are highly unlikely to contribute much to whole-shell mechanical strength, and while it is possible that certain muscles might act to reinforce the shell internally (although no potential scenarios have been proposed to our knowledge), the similar preservation methods of all Chrysemys and Trachemys would seem to preclude this source of variation as well.
Those few outliers aside, the general success of the predictions raises the question: Are there certain qualities which might make turtle shells uniquely suited for such analyses, relative to other structures? Despite their origin as a composite of many formerly separate and developmentally distinct ossifications, turtle shells are relatively simple structures. Although the vertebral column and associated vertebral centra and transverse processes do provide a bit of complexity along the dorsal midline of the interior of the shell, turtle shells are otherwise composed of flat plates of bone with a simple internal structure and very few processes or complex foramina, channels or fossae (Pritchard, 2008) . Despite its central location, the turtle shell actually shows very few articulations with the rest of the skeletonthe vertebral articulations with the caudal and cervical regions are relatively small and of no significance for the overall load-bearing capacity of the shell, and the articulations with the pelvic or pectoral girdles, while more extensive, are still quite simple and mostly mediated through tendons. Even the pelvic elements of pleurodires are simple and easily modeled. Moreover, while the shell is the site of various muscle attachment surfaces (Pritchard, 2008) , these are quite broad, and produce so little sculpting or rugosity on the internal surface of the shell that they are sometimes difficult to discern in skeletal preparations. Finally, the shell itself is akinetic or possesses only simple linear hinges on either the plastron or carapace (never both).
In these ways, the shell contrasts strongly with the skull. Vertebrate skulls can have robust and intricate connections to the cervical vertebrae, mandible, and hyoid apparatus. They are often composed of skeletal elements with very complex shapes and internal structures, and are often pierced by multiple foramina for blood vessels and nerves. Skulls are highly variable in both internal and external morphology, meaning that a single set of landmarks could potentially miss some mechanically important structures in a taxonomically broad study. Finally, skulls are often associated with a very complex set of muscles which exert strong forces on certain areas, and are themselves often complex and kinetic structures with multiple joints and mobile surfaces (Hanken & Hall, 1993a,b) .
Besides its relative simplicity, it is also noteworthy that the shell has likely evolved in response to selective pressure for withstanding very unpredictable stresses. Predators can attack turtles in many ways (Emmons, 1989; Acosta et al. 2004; Medica & Greger, 2009; Salera et al. 2009a,b; Miranda et al. 2016) , and even the same predator species may attempt multiple strategies to fracture the shell (Emmons, 1989) . This unpredictability may impose selection for relative uniformity of shape and microstructure across the turtle shell, leading to a relatively homogeneous structure with homogeneous mechanical properties, suitable for modeling. Again, this contrasts with the skull of certain species (e.g. Dumont et al. 2005 ) and with many other skeletal elements whose loading regimes are consistent, predictable, and to a large degree under the control of the organism.
All of these factors may make the turtle shell a betterthan-average system for accurately predicting relative loads at failure. This, in turn, may make the turtle shell a better-than-average system for exploring patterns of morphological and mechanical evolution. Herpetologists and evolutionary morphologists currently work under a variety of assumptions regarding the mechanical implications of changes in turtle shell shape (for example, that the evolution of a taller shell will, all else being equal, result in an increase in shell strength; Claude et al. 2003; Rivera, 2008) , and some studies have even used modeled stresses to explore diversification and trade-offs within turtle shells, under the assumption that such models provide biologically relevant information about the mechanical behavior and fitness consequence of changes in shell shape (Stayton, 2011a; Dosik & Stayton, 2016; Polly et al. 2016; Berlant & Stayton, 2017) . This study provides robust support for the underlying assumptions of all of these studies.
The ultimate goal of studies using warped FE models is not likely be the prediction of failure in individual specimens (individual scans and models would better serve this purpose). Rather, such models are more likely to be used to explore broad-scale patterns of form-function relationships within large comparative datasets. Could the present study be used to learn anything about the relationship between turtle shell morphology and strength? A few tentative conclusions seem warranted. First, this study largely supports the premise that taller shells are stronger than flatter shells, all else being equal. For example, the box turtle (T. c. carolina) specimen showed relatively higher observed and predicted strength than did flatter specimens of similar size (note its position towards the upper right of the cluster of emydid specimens), and some of the highest residual loads at failure were seen in the relatively domed G. muhlenbergii and E. subglobosa specimens. However, this study suggests that other factors may also be important in determining strength -one of the highest residual loads at a failure was seen in a relatively flat Clemmys guttata specimen. This study also suggests caution concerning the common assumption that terrestrial turtles will have stronger shells than aquatic turtles (Stayton, 2011a; McLaughlin & Stayton, 2016) . Here, some of the strongest shell shapes (accounting for size) were found in P. concinna and E. subglobosa specimens. This suggests that these aquatic turtles either have evolved shells which manage to circumvent the assumed trade-off between shell strength and hydrodynamic efficiency (Claude et al. 2003; Stayton, 2011a,b) , or that selection for shell strength can be strong enough to overcome selection for streamlining in certain species (see Rivera, 2008 for a possible example of this situation). The dataset presented here is insufficient for robust tests of these ideas, but it at least suggests that further investigation is warranted.
More broadly, the data suggest that the warping procedure utilized here (and likely any similar procedures) can indeed be used to obtain relevant information about the mechanical implications of morphological variation within a given structure. This information, in turn, can be used to ask a variety of questions about morphological evolutionquestions that researchers are already asking, true, but where the answers remain speculative or unsubstantiated by real mechanical analysis. By modeling the mechanical behavior of shapes that are not observed in nature, researchers could test hypotheses regarding the reasons for the lack of occupation of seemingly accessible and empty regions of morphospace (McGhee, 2001) . By making and analyzing models which span the observed range of variation of a structure, researchers could develop robust 'performance surfaces' that can be used to test hypotheses about the directions or rates of evolution or diversification, or to explore trade-offs among morphological functions (Arnold, 1983 (Arnold, , 2003 Polly et al. 2016 ). The mechanical implications of variation within species could also be explored and used to test hypotheses regarding the selective reasons for or implications of sexual dimorphism or observed patterns of intraspecific allometric growth. If nothing else, the development of a warping procedure that can be used in the accurate modeling of structures can greatly expedite large comparative studies which would otherwise require scanning and model preparation for dozens or hundreds of specimens -still the most time-limiting procedure in any FE analysis.
Of course, even given the validation of the models presented here, they still must be used with caution. Certain turtle species possess unusual shell shapes that have obvious mechanical implications. Some geoemydid (Batagur and Callagur) or chelid (Emydura australis) turtles, for example, possess robust buttresses of bone running medially from the anterior or posterior margins of the bridge (Pritchard, 2008) . These buttresses will obviously affect the mechanical behavior of the shell under a variety of loads; however, this variation, and the mechanical predictions derived from it, would not have been captured under the digitization scheme used in this study. Thus, the procedures used in this study would not be likely to predict the behavior of these shells accurately. In fact, it is possible that the presence of such buttresses is responsible for this study's failure to predict the direction of failure in one of the E. subglobosa specimens -if that specimen possesses well-developed buttresses, then these might prevent deformation and failure towards the margin of the shell, and channel stresses towards the midline. However, the buttresses in this species are not as well-developed as in other Emydura (Author, pers. obs.), and in any case this unusual pattern of failure was only observed for one of the three Emydura specimens.
More generally, accurate modeling of the mechanical behavior of turtle shells with these buttresses would require a modification of this study's digitization protocol, including information that could not be captured through a digitization of the external surface of the shell. As an even more extreme example, the pancake tortoise, Malacochersus tornieri, possesses a highly modified shell with many large fontanels in both the carapace and plastron (Mautner et al. 2017) . Accurate modeling of this shell may be impossible using any kind of warping and FE model derived from any other turtle species.
Finally, the data presented here indicate that shell bone material properties likely vary among species, and thus might contribute an additional source of error when attempting to model failure in turtle shells. Thus, even if a warping procedure is used to generate model geometries and simplifying assumptions are made about material behavior, the use of species-specific bone material properties may significantly increase the utility of FE models.
Thus overall, and as always, familiarity with the biology of the species under consideration is a requirement for accurate modeling. Useful warping requires information from variable and mechanically important regions of the structure of interest, and validation using a subset of real species is always necessary. Finally, some structures may be more amenable than others to accurate modeling -simple morphology, homogeneous material properties, lack of kinesis, and selection for strength under unpredictable loads may be factors which permit accurate modeling, although additional studies would be required to verify this speculation. However, despite these caveats, this paper supports an optimistic view that at least some FE models, even those built using a warping procedure and run using an obviously oversimplified set of parameters, are reflecting biologically important aspects of organismal performance, and thus are suitable for use in future evolutionary morphology studies.
